At the most fundamental level, the dynamics of infectious diseases are determined by transmission between infected and susceptible individuals: who infects who, and how often. Ironically, this is a level of organization at which studying epidemiology is hard. Data on who infects who are difficult to come by, and inference is often weak (although genetic studies are changing this). Mathematically, models formulated at the individual level can be difficult to analyse (although modern computer power is changing this as well). Fortunately, this level of organization is sandwiched between others at which progress is more easily made. Classically, epidemiological models have often been formulated at higher levels of organization: that of the population, or more recently the metapopulation. With the development of modern genetic and immunological tools, it is now also possible to examine determinants of variation at levels of organization below that of individual hosts or pathogens. As a result, we know a lot more about the underlying basis for host resistance and pathogen virulence.
Whatever level of organization we usually work at, serendipitous or more deliberate exposure to research at different scales has resulted in increasing awareness of the importance of considering processes operating at scales above and below those with which we are most familiar. Epidemiologists glancing 'upwards' in scale worry that, by omitting information about the landscape over which epidemiological dynamics unfold, perhaps their models are after all 'importantly wrong' (sensu Box 1976) . Perhaps when it comes to providing truly operational epidemiological guidance to practitioners on the ground, metapopulation structure really cannot be ignored. Likewise, as we peer 'downwards', we are increasingly convinced that heterogeneity documented at the level of the individual or gene locus is necessary to capture the broader-scale epidemiological pattern. And as we do so, we should not be surprised to encounter the upward gaze of those trying to understand the pattern of genetic variation across host and parasite populations by consideration of higher level population processes.
To adopt the modern parlance, we are of course considering a system, or 'episystem', viewed at different scales of organization. This is hardly a revelation to those working in this field, but it may help to promote cross-disciplinary communication to be able to express what we do within the framework of current ideology. There are two important historical reasons why epidemiologists should be good at systems biology. The first is conceptual. Epidemiology can be regarded as the ecology of infectious disease, and many epidemiologists arrive in the discipline battle-hardened from encounters with the higher dimensional complexity of ecosystem dynamics. One of the reasons why ecologists and epidemiologists have been slower than others to acknowledge the new language of systems biology is that they have been using it, albeit in a different dialect, for decades already. The temporal dynamics of scale hierarchies comprising individuals, populations and metapopulations, linked through processes of indirect, top-down and bottom-up effects, are concepts that arose with the dawn of ecological thinking.
The second is methodological. Mathematical approaches to the study of epidemiology pre-date even those of ecology. The insight that mathematical models can bring to the study of epidemiological processes has been evident since the earliest days of the discipline. Models are key tools in our attempts to bridge between scales of organization-the glue between the layers that constitute systems. Of the many life sciences, epidemiology is where we see some of the most useful and insightful modelling. For epidemiologists, modelling has been essential in allowing us to bridge between the scales at which we can easily acquire data and those at which infection actually occurs, where often we cannot. This has allowed us to 'get away' until now with a surprisingly limited understanding of transmission dynamics. However, more sophisticated versions of these models are now telling us that there are important details of these dynamics for which we need a more sophisticated understanding (itself an important contribution of modelling).
By recognizing individuals as a fundamental level of organization at which the key process of transmission occurs, two important benefits of a systems approach become apparent: (i) we can start to develop a framework by which patterns and processes at higher and lower levels of organization influence dynamics at this fundamental level-to identify the primary architecture of the episystem; and (ii) armed with such a framework we can use quantitative models to link between scales, parametrizing processes operating at unobserved scales using data collected at scales we can observe.
It was in this spirit that we solicited papers for this special issue. It was not possible, sensible or probably even desirable to be overly prescriptive in the material we sought, but by concentrating the output of researchers working on a wide variety of scales and systems and using a broad array of tools we hoped that a view of the systems nature of epidemiology would emerge, and we believe that-in large part-it has. The papers constituting this special edition span a striking range of scales of biological process-from the genetic variation underlying the immune response to parasite infection, to the metapopulation dynamics of Escherichia coli O157 infection, and the influence of landscapes on the dynamics of plant and animal pathogens.
The sources of host-to-host heterogeneity in parasite burdens are addressed at a fundamental level by Stear et al. (2007) . Their approach is to use pedigree information to partition the observed variability into host genetic and non-genetic sources, and identify the genes involved in resistance and characterize the impact of the associated immune mechanisms on the ingested parasites. Such a detailed understanding of the role of genetic heterogeneity in hosts has rarely been incorporated into epidemiological models: this is an avenue that has the potential to substantially enhance our understanding of the combinations of processes generating aggregation in parasite burdens. Ebert et al. (2007) also document the impact of host genetic background on pathogen dynamics, by showing that an often vertically transmitted parasite exists at lower prevalence in inbred, compared with outbred, host populations.
Focusing on the impact of the individual, rather than the population, on pathogen diversity, Lipsitch & O'Hagan (2007) examine the role of host immunity as a diversifying selective force. The way in which this might generate observed patterns of antigenic diversity is examined within a framework that captures the interplay between processes at the host-to-host level (pathogen transmissibility and duration of infection) and withinhost levels of cross-immunity to related pathogen strains. Gandon & Day (2006) address the question of the changing pathogen diversity-driven by the selective pressure imposed by vaccination. They build life-history traits of mutant strains (transmission rate, recovery rate and virulence) into an evolutionary framework, thereby enabling them to examine both the short-term interactions of epidemiological processes and the longer term evolutionary consequences of vaccination.
A convergence of evolutionary and epidemiological time-scales is also suggested as an appropriate means of understanding the transmission dynamics of Campylobacter jejuni in broiler flocks. Conlan et al. (2007) suggest that the initial process of colonization within a flock may be influenced by rapid within-host dynamics during which the pathogen adapts phenotypically to the host through phase variation in gene expression.
Whereas Gandon & Day (2006) and Lipsitch & O'Hagan (2007) focus on host immunity as a selective force, Cattadori et al. (2007) view immunity as an ecological landscape in which co-infecting species within a host compete. Viewed from the perspective of population-level transmission of infection, this competition can generate host-to-host heterogeneity in susceptibility to the parasite, which in turn can influence the parasite transmission dynamics. Severins et al. (2007) directly assess the interaction between the parasite transmission dynamics and host immunity; they demonstrate that heterogeneity in exposure history, which arises through natural stochasticity in the infection process, has a feedback effect which drives the subsequent transmission dynamics. Lloyd et al. (2007) consider the role of demographically stochastic dynamics in host-vector systems, highlighting the peculiarities of marked asymmetry in transmission between host and vector. The study of plant-pathogen systems is advantaged by the capacity to conduct carefully monitored replicate experiments. The hierarchical approach taken by Kleczkowski & Gilligan (2007) enables them to identify and distinguish the variability inherent in a single outbreak-demographic stochasticity-and the variability between an ensemble of outbreaks-environmental stochasticity.
In the field of animal and human epidemiology, the characterization of the contact process between infected and susceptible hosts has benefited considerably from the application of network theory. Bansal et al. (2007) show that, while mildly heterogeneous contact structures can be captured through modified SIR compartmental models, network models more directly reflect the patterns of contact between individuals, and yet are often no less tractable. Tackling the issue of pandemic influenza, Débarre et al. (2007) demonstrate that this structuring of the human population not just influences our capacity to control an outbreak, but also crucially affects the level of drug resistance that emerges from the prophylactic use of antiviral treatments.
Livestock groupings are perhaps less dynamic than those of humans. Kao et al. (2007) make use of the natural structuring of the population into herds, with network approaches being applied to the livestock movements between herds. Typically, within this conceptual framework, the herds themselves are viewed as 'individuals' to be classified as infected, susceptible, etc. The approach of Liu et al. (2007) , which captures features of the withinherd transmission dynamics, provides a starting point for translating variability at the herd level into variability in dynamics at the metapopulation scale.
Much of standard/classical epidemiological theorywhich was developed for well-mixed populations-is inappropriate for the fixed spatial arrangement of plant populations. This fixed nature of the hosts in plantpathogen systems leads to a natural consideration of the spatial structure of the host populations and a focus on the importance of spatial scale in the transmission and control of crop disease ).
Population structure is viewed by Real & Biek (2007) as emerging in part from the constraints of the landscape the population inhabits. This structuring can generate barriers and constraints to disease invasion that can be identified through clustering and genetic bottlenecks in pathogen diversity. The concept of reproductive number, R 0 , so fundamental to dynamics at the level of the well-mixed population, does not always provide reliable guidance to the behaviour of dynamics at higher levels of organization. Roberts (2007) discusses three specific examples of where applying theory developed at one scale might lead one astray if applied to another.
Despite the recognition that the spread of plant disease is influenced by the scale of dispersal, the availability of source habitats and refuges or transmission corridors, Plantegenest et al. (2007) highlight a somewhat surprising lack of integration of approaches to landscape ecology in plant epidemiology-in contrast to its increasing deployment in animal epidemiology (Real & Biek 2007) . Halliday et al. (2007) suggest a framework for using the complexity and variability of host and pathogen distributions across a landscape, and the heterogeneity of multi-host pathogen interactions with their host species in evaluating the use of sentinel species in surveillance programs.
Finally, Soubeyrand et al. (2007) recognize that the common disparity in scales over which data are collected and the natural scale of disease spread requires the development of methodologies that allow parametrization of small-scale processes from data collected at larger scales and suggest how this might be done in the context of crop pathogens.
In every aspect of epidemiological endeavour, we observe a clear synthesis of processes at different scales: the analysis of data collected at multiple spatial scales; the integration of evolutionary and epidemiological processes; the translation of individual behaviour and properties into characteristics at larger spatio-temporal scales; and the interplay between the within-host infection process and the population-level transmission dynamics are only some of many possible examples. While it is certainly possible to express epidemiological phenomena in the language of systems biology, it is less clear whether systems biology will be able to provide a genuinely useful and creative framework within which to understand epidemiology. Just how good are these new clothes? Time will tell.
